MicroRNAs (miRNA) have tumor suppressive and oncogenic potential in human cancer, but whether and how miRNAs control cell cycle progression is not understood. To address this question, we carried out a comprehensive analysis of miRNA expression during serum stimulation of quiescent human cells. Time course analyses revealed that four miRNAs are up-regulated and >100 miRNAs are down-regulated, as cells progress beyond the G 1 -S phase transition. We analyzed the function of two up-regulated miRNAs (miR-221 and miR-222) that are both predicted to target the cell growth suppressive cyclin-dependent kinase inhibitors p27 and p57. Our results show that miR-221 and miR-222 both directly target the 3 ¶ untranslated regions of p27 and p57 mRNAs to reduce reporter gene expression, as well as diminish p27 and p57 protein levels. Functional studies show that miR-221 and miR-222 prevent quiescence when elevated during growth factor deprivation and induce precocious S-phase entry, thereby triggering cell death. Thus, the physiologic upregulation of miR-221 and miR-222 is tightly linked to a cell cycle checkpoint that ensures cell survival by coordinating competency for initiation of S phase with growth factor signaling pathways that stimulate cell proliferation. [Cancer Res 2008;68(8):2773-80] 
Introduction
MicroRNAs (miRNA) are fundamental gene regulators that control proliferation, differentiation, and apoptosis during development (1) (2) (3) (4) (5) . These broad functions suggest that miRNAs may contribute to a range of diseases, including cancer, and recent evidence indicates that miRNAs can function as tumor suppressors and oncogenes (reviewed in refs. 1, [6] [7] [8] [9] . The first report linking miRNAs and cancer showed preferential expression of miR-15 and miR-16 in patients with B-cell chronic lymphocytic leukemia (CLL; ref. 10) . The genes for both of these miRNAs are located at chromosome 13q14, a locus frequently deleted in abnormalities, including CLL and prostate cancers. In addition, other miRNA expression signatures have been associated with the initiation and progression of human cancers (reviewed in refs. 1, [6] [7] [8] [9] . Although tumorigenesis is accompanied by loss of cell cycle control, how differences in miRNA expression influence the complex regulatory machinery that mediates cell cycle progression and cell survival remains to be investigated (11) . miRNAs are a class of small (f22 nt), conserved, noncoding RNAs that play important regulatory roles in posttranscriptional repression (reviewed in refs. 1, 2, 12) . They target a large number of mRNAs (predicted to be up to 30% of the human genome) and induce mRNA degradation or inhibition of translation by targeting the 3 ¶ untranslated regions (UTR) through specific, albeit imperfect, base-pairing (2) . Several methods for predicting target mRNAs rely on conserved base-pairing in the ''seed'' miRNA region (13) (14) (15) (16) (17) . miRNAs are synthesized by RNA polymerase II as long primary transcripts (pri-miRNAs) that form stem-loop structures (18) . These transcripts are capped, polyadenylated, and processed in the nucleus by a complex consisting of at least two proteins: the RNase III enzyme Drosha and the double-stranded RNA-binding protein Pasha/DGCR8 (19) (20) (21) (22) (23) (24) . These imperfect hairpin products are then exported into the cytoplasm by exportin-5, wherein the 65 to 75 nt pre-miRNAs are further cleaved by Dicer to generate doublestranded miRNAs of f22 nt (25, 26) . The duplex is subsequently incorporated into a functional miRISC complex, wherein the mature miRNA strand is preferentially retained to identify mRNA targets (reviewed in refs. 27, 28) . Thus, cells have developed sophisticated mechanisms to produce miRNAs that can target selected groups of mRNAs. Investigating the cellular pathways that are regulated by miRNAs represents the next frontier in advancing our knowledge of growth control and differentiation and will provide insights into miRNA-dependent deregulation of cell proliferation and survival in cancer.
In the present study, we examined the emerging concept that expression of miRNAs influences the activity of cell cycle regulatory proteins that control competency for cell proliferation. We tested this idea by performing expression profiling of miRNAs that are regulated when quiescent cells are stimulated to proliferate. Our results show that miR-221 and miR-222 are preferentially expressed during serum-stimulated entry into the cell cycle and target the cyclin-dependent kinase (CDK) inhibitors p27 and p57 to promote cell cycle progression. Transfection of cells with either miRNA during serum deprivation prevents quiescence and causes premature S-phase entry with subsequent cell death. We propose that the normal up-regulation of miR-221 and miR-222 during serum stimulation is conducive for cell cycle progression but must be coupled with a cell cycle checkpoint that monitors appropriate activation of growth factor-dependent cell signaling pathways.
Materials and Methods
Cell culture. Human T98G glioblastoma cells were maintained in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 2 mmol/L L-glutamine, 100 units/mL penicillin G, and 100 Ag/mL streptomycin. Human leukemic K562 cells were maintained in RPMI (Invitrogen) supplemented with 10% FBS, 2 mmol/L L-glutamine, 100 units/mL penicillin G, and 100 Ag/mL streptomycin.
Cell cycle and cell proliferation analyses. T98G cells were synchronized by serum starvation for 72 h, followed by stimulation from quiescence with media containing 20% FBS. Cell cycle distribution was monitored by propidium iodide staining of cells and fluorescence-activated cell sorting (FACS; UMASS Medical School Flow Cytometry Core Facility) at different time points after release. For proliferation/quiescence studies, T98G cells were transfected with miRNA oligonucleotides using Oligofectamine (Invitrogen) for 24 h before serum deprivation. Cells were photographed and harvested for analysis at different times after serum withdrawal.
miRNA expression profiling. Microarray and bioinformatic analyses, as well as significance analysis of microarrays, were done as described before (29) . Results from three independent experiments are expressed as log2 of fluorescence and as a hierarchical clustering of the average values by dCHIP software (30) .
Protein preparation and Western blotting. Total protein extracts from mammalian cell lines were prepared in direct lysis buffer [50 mmol/L Tris-HCl (pH 6.8), 100 mmol/L DTT, 2% SDS, 10% glycerol, 1Â Complete (Roche), and 0.2% bromophenol blue]. Cells were boiled for 5 min and centrifuged at 16,100 Â g for 5 min. Total proteins were loaded onto 10% SDS-polyacrylamide gels and transferred to a polyvinylidene difluoride Immobilon-P membrane (Millipore) for 30 min at 10 V in a semidry transfer apparatus (model HEP-1, Owl Separation Systems). Immunodetection was done using an appropriate dilution of specific antibodies with the western Lightning Chemiluminescence Reagent Plus (Perkin-Elmer Life Sciences). The following dilutions of primary antibodies used were p57 C-20 rabbit polyclonal 1:1,000, cyclin A C-19 rabbit polyclonal 1:2,000, and CDK2 M-2 rabbit polyclonal 1:5,000 from Santa Cruz Biotechnology, Inc.; p27 mouse monoclonal IgG1 1:1,000 from BD Biosciences; and caspase-3 Asp175 rabbit polyclonal 1:1,000, caspase-8 1C12 mouse monoclonal 1:1,000, and caspase-9 rabbit polyclonal 1:1,000 from Cell Signaling.
Northern blot analysis of miRNAs. Total cellular RNA from synchronized T98G cells was prepared using TRIzol reagent following the manufacturer's instructions (Invitrogen). Total RNA ( 15 to 20 W. RNA was electrotransferred to a Zeta-Probe GT membrane (Bio-Rad) in a semidry apparatus in 0.5Â TBE for 1 h at 300 mA. RNA was fixed to the membrane by UV irradiation (optimal cross-linking setting, Spectrolinker XL-1000 UV cross-linker, Spectronics Corporation) and baked at 80jC for 30 min under vacuum. Membranes were prehybridized at 42jC for 2 h in buffer (7% SDS/0.2 mol/L sodium phosphate, pH 7.2) and then hybridized with oligonucleotide DNA probes radiolabeled with T4 polynucleotide kinase overnight at 42jC in the same buffer. Membranes were washed for 30 min at 42jC twice each time in wash buffer 1 (5% SDS/ 20 mmol/L sodium phosphate, pH 7.2) and wash buffer 2 (1% SDS/ 20 mmol/L sodium phosphate, pH 7.2), respectively. Band intensities were quantified with a PhosphoImager using ImageQuant 5.0 software (Storm 840, Molecular Dynamics), followed by exposure to X-ray film (Kodak), and expressed as fold-increase of the specific miRNA relative to U6 RNA, which was used as loading control. Probes used were as follows (in 5 ¶ to 3 ¶ direction): hsa-miR-221 GAA ACC CAG CAG ACA ATG TAG CT, hsa-miR-222 GAG ACC CAG TAG CCA GAT GTA GCT, and U6 ATA TGG AAC GCT TCA CGA ATT.
Sequence alignment. Alignments of miR-221 and miR-222 to p57 and p27 3 ¶ UTR sequences were taken from TargetScan (14, 17) .
Luciferase constructs and reporter gene assays. Genomic DNA from human WI-38 normal diploid fibroblasts was isolated following a standard protocol (31) . p57-Luc and p27-Luc plasmids were constructed by cloning segments of the 3 ¶ UTRs spanning the miRNA recognition sites into pMIR-REPORT miRNA Expression Reporter Vector (Ambion) by PCR from WI-38 genomic DNA using the following primers (in 5 ¶ to 3 ¶ direction): for p57-Luc, GGG TAC TAG TTT TAG AGC CCA AAG AGC C (the SpeI site is underlined) and GGT AAG CTT TAC ACC TTG GGA CCA GT (the HindIII site is underlined); for p27-Luc, GGG TAC TAG TTC CTT GTT TAT CAG ATA CAT CAC T (the SpeI site is underlined) and GGT AAG CTT TTT AAA TGA AGT ATC AGC TGT CTC (the HindIII site is underlined).
Transient transfection of K562 cells (5 Â 10 4 cells per well) was carried out in 24-well plates with Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Cells were transfected with 800 ng of the luciferase constructs p57 3 ¶ UTR-Luc or p27 3 ¶ UTR-Luc and 5 ng of Renilla luciferase plasmid and cotransfected with human pre-miR-221 miRNA precursor or pre-miR-222 miRNA precursor (30 nmol/L) obtained from Ambion. After 48 h, cells were harvested and lysates were measured for luciferase activity and normalized for transfection efficiency to Renilla luciferase (phRL-null) activity (dual-luciferase reporter assay system, Promega). The relative reporter activity was obtained by comparison to a control oligonucleotide arbitrarily taken as 100 (pre-miR miRNA precursor negative control 2, Ambion). Significant differences were determined in three independent experiments by Student's t test (**, P < 0.01).
miRNA transfections. K562 or T98G cells were transfected with human miR-221, miR-222, or negative control (miR-NC) oligonucleotides (Ambion or Dharmacon) using Oligofectamine following the manufacturer's instructions. The miRNA oligonucleotide concentrations used ranged from 30 to 150 nmol/L, with or without a 5-fold excess of anti-miRNA inhibitor. Protein extracts were prepared and analyzed by Western blot as described above. Cell cycle distribution was monitored by FACS analysis.
BrdUrd incorporation and immunofluorescence microscopy. Incorporation of BrdUrd into actively proliferating T98G cells was determined using 5-bromo-2 ¶-deoxy-uridine labeling and detection kit I (Roche Applied Science) following the manufacturer's instructions. Cells were grown in six-well plates with coverslips (Fisher Scientific), seeded at a density of 50,000 cells per well, and transfected after 24 h with miRNA oligonucleotides for 24 h, as described above. Cells were allowed to incorporate BrdUrd for 30 min at 37jC, washed, and then fixed with an ethanol/glycine (pH 2.0) solution for 20 min at À20jC. BrdUrd incorporation into DNA was detected in whole-cell preparations by incubation with a mouse monoclonal antibody against BrdUrd at a 1:10 dilution for 30 min at 37jC. The secondary antibody (antimouse-immunoglobulin-fluorescein) was used at a 1:10 dilution for 30 min at 37jC. Nuclei were stained with 4 ¶,6-diamidino-2-phenylindole (DAPI) for 5 min at 4jC. Immunostaining of cell preparations was captured by an epifluorescence microscope (Zeiss Axioplan II) equipped with a charge-coupled device camera. Digital images were acquired and analyzed with MetaMorph software (Molecular Devices).
Results miR-221 and miR-222 levels are up-regulated after stimulation of quiescent T98G cells to proliferate. To identify miRNAs that support cell proliferation, we examined miRNA expression during cell cycle entry upon growth factor stimulation of quiescent human T98G cells (32) . Cells were synchronized in G 0 by serum deprivation and released from the arrest with complete media (Fig. 1A, top) . As expected, histone H4 mRNA levels are transiently up-regulated at the G 1 -S phase transition (12 hour), whereas p57 mRNA levels are significantly down-regulated (Fig. 1A, middle) . In contrast, p27 mRNA levels decrease immediately when cells enter G 1 (4 hour) and are slightly up-regulated during S-and G 2 -M phases. Levels of p57, p27, and cyclin A proteins exhibit Figure 2 . miRNA-221 and miRNA-222 levels during cell proliferation. miR-221 and miR-222 levels were analyzed in T98G cells released from quiescence by serum stimulation. Total RNA was isolated from samples taken at the indicated time points after release and analyzed by Northern blot using specific probes (left ). Bottom, cell cycle stages. Right, band quantification of mature miRNAs expressed as fold change compared with U6 RNA. Maximum value was arbitrarily considered as 1.
miR-221 and miR-222 Bypass Quiescence www.aacrjournals.org characteristic cell cycle stage-specific oscillations: p57 and p27 decrease at the G 1 -S phase transition, whereas cyclin A increases as cells enter S phase (Fig. 1A, bottom) .
We analyzed miRNA profiles at G 0 (t = 0), G 1 (4 hours), G 1 -S transition (12 hours), S phase (15, 18, and 21 hours), and G 2 -M phase (25 hours) using microarrays containing 316 human and 318 mouse precursor miRNAs (29) . Strikingly, using this panel of 634 miRNAs, we found that four miRNAs are up-regulated and >100 miRNAs are down-regulated when cells reenter the cell cycle upon serum stimulation (Fig. 1B and data not shown) . The four up-regulated miRNAs are miR-18, miR-101, miR-221, and miR-222; miR-18 was first discovered in HeLa cells (33) , miR-101was detected during megakaryocytopoiesis (34) , whereas expression of miR-221/222 was found to be enhanced in glioblastoma (35) . We focused on miR-221 and miR-222 because several of their predicted targets are cell cycle-related factors. Statistical analyses of the temporal expression profiles revealed that both miR-221 and miR-222 are robustly up-regulated in serum-stimulated T98G cells (Fig. 1C) . Northern blot analysis confirmed the cell cycle-specific increase in the expression of miR-221 and miR-222, as well as of Figure 3 . p57 3 ¶UTR and p27 3 ¶UTR are targets of miR-221 and miR-222. A, p57 and p27 mRNA 3 ¶ UTRs depicting putative target sites for miR-221 and miR-222. The 3 ¶ UTRs of p57 and p27 contain one and two sites expected to be recognized by both miR-221 and miR-222, respectively (arrowheads). Numbers represent the position of the seed match within the UTR sequences. Hs, human; Mm, mouse; Rn, rat; Cf, dog; Gg, chicken. B, repression of activity of the p57 3 ¶ UTR-luciferase and p27 3 ¶ UTR-luciferase constructs by ectopic expression of miR-221 and miR-222 oligonucleotides in K562 cells. Transfection of a nonfunctional miRNA (miR-NC2) was used as a negative control. Firefly luciferase activity was determined 48 h after transfection and normalized to Renilla luciferase activity from a promoter-less vector. Statistical significance was determined by the Student's t test for three independent experiments (**, P < 0.01). C, K562 cells were either mock-transfected or transfected with miR-NC2, miR-221, miR-222, or a combination of miRNA and a 5-fold excess of the corresponding anti-miRNA inhibitor for 48 h. Total protein extracts were used to analyze p57 and p27 levels by Western blot with the specific antibodies (right ). Transfection with miR-221 and miR-222 significantly reduced the levels of endogenous p57 and p27 proteins (lanes 3 and 7 ) when compared with mock (lanes 1 and 5) or miR-NC2 transfection (lanes 2 and 6). This decrease was reverted by the corresponding miRNA inhibitors (lanes 4 and 8 ) . CDK2 is shown as loading control.
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miR-221 and miR-222 reduce protein levels of the Kip/Cip family members p57 and p27. We searched for potential mRNA targets of miR-221 and miR-222 using Web-based resources, including TargetScan, TargetCombo, and PicTar (14, 16, 17, 36) . Our target analysis revealed that two members of the Kip/Cip family of CDK inhibitors, p57 and p27, are putative target mRNAs. Both p57 and p27 mRNAs contain seed sequences and base-pairing miR-221 and miR-222 Bypass Quiescence www.aacrjournals.org potential in the 3 ¶ UTR for miR-221 and miR-222: the 3 ¶UTR of p57 harbors one site expected to be recognized by both miR-221 and miR-222, whereas the 3 ¶UTR of p27 contains two sites for both miRNAs (Fig. 3A) .
We validated p57 and p27 mRNAs as bona fide targets for both miR-221 and miR-222. The 3 ¶ UTR regions of both genes encompassing the highly conserved putative miR-221/miR-222 binding sites were fused downstream of the coding sequences for a luciferase reporter. Cotransfection of these reporter vectors in K562 cells, which do not express miR-221 or miR-222 (37), with either miR-221 or miR-222 oligonucleotides significantly reduced p57 3 ¶ UTR-luciferase and p27 3 ¶ UTR-luciferase reporter activities by f60% and f77%, respectively (Fig. 3B) . Relative reporter activities were not altered by a negative control miRNA (miR-NC2). Thus, both miRNAs functionally inhibit expression of the luciferase reporter vectors. We also examined the effect of exogenous miR-221 and miR-222 by oligonucleotide transfection on the expression of endogenous levels of p57 and p27 proteins in K562 cells. Western blot analysis shows that both miR-221 and miR-222 greatly reduce the levels of p57 and p27 proteins (Fig. 3C) . Cotransfection of miR-221 and miR-222 with the corresponding anti-miRNA oligonucleotides reverses the effect on the protein levels (compare lanes 4 and 8 with lanes 3 and 7, respectively). Our findings show that p57 and p27 mRNAs are both direct targets of miR-221/miR-222.
miR-221 and miR-222 abrogate cell survival upon growth factor deprivation. To understand the functional role of miR-221 and miR-222 in regulating the quiescence/proliferation transition, we investigated the effects of ectopic expression of miR-221/ miR-222 in serum-deprived T98G cells. Cells were transfected with miRNAs and then induced to enter G 0 by removal of serum. We anticipated that the premature presence of miR-221 and miR-222 would prevent the expected elevated levels of p57 and p27 that are normally present in quiescent T98G cells (see Fig. 1A ) and perhaps would permit continuous proliferation. Strikingly, cells pretreated for 24 h with either miR-221 or miR-222 undergo massive cell death upon serum deprivation for 72 h (Fig. 4A) . Mock-transfected cells or cells pretreated with either a negative control (miR-NC2) or anti-miR-222 oligonucleotides were morphologically indistinguishable from untreated control cells. Cell cycle analysis by flow cytometry revealed that T98G cells transfected with miR-221 or miR-222 exhibited highly reduced cell numbers and distinctive sub-2N populations (Fig. 4B) , apart from changes in the distribution of cells in S phase ( Fig. 4B; see below) . Untreated and mocktransfected, miR-NC2-transfected, and anti-miR-222-transfected T98G cells showed a characteristic G 0 peak indicative of arrested cells.
We also analyzed the effects of miR-222 pretreatment in T98G cells during a time course of serum starvation for 24, 36, 48, 60, and 72 hours (Fig. 4C and data not shown) . We observed a slight increase in cell death by 24 hours, which became very pronounced as early as 36 hours after serum deprivation in cells transfected with miR-222 oligonucleotide (Fig. 4C) . For comparison, cells pretreated with either a negative control (miR-NC2) or anti-miR-222 oligonucleotides were morphologically indistinguishable from mock-transfected or untreated controls at all time points (Fig. 4C  and data not shown) . Taken together, our results indicate that high exogenous levels of miR-221 and miR-222 during serum withdrawal compromise cell survival and suggest that low physiologic levels of the two miRNAs in quiescent T98G cells may protect against unscheduled cell death.
High levels of miR-221/222 permit precocious S-phase entry in the absence of serum growth factors. T98G cells transfected with miR-222 were analyzed for cell cycle distribution as a time course after serum withdrawal for 24, 48, and 72 h. Within 24 h of serum deprivation, there is a clear accumulation of S-phase cells concomitant with the appearance of a sub-2N peak in cells treated with miR-222 oligonucleotide (Fig. 5A) . Western blot analysis confirmed the decrease in p27 protein level in miR-222-treated T98G cells, as well as an increase of the S-phase marker cyclin A as expected (Fig. 5B) . Untreated, mock-transfected, miR-NC2-transfected, and anti-miR-222-transfected cells showed a characteristic G 0 peak. Thus, serum deprivation in the presence of miR-222 seems to be linked to both cell death and S-phase entry.
To examine whether miR-221/miR-222-containing cells are capable of entering S phase during growth factor withdrawal, we monitored DNA synthesis by BrdUrd incorporation after serum starvation for 8 and 24 hours (Fig. 6A and B and data not shown) . Transfection of miR-221, miR-222, or a combination of both miRNA (miR-221/miR-222) oligonucleotides renders f76% of cells labeled with BrdUrd compared with f39% of an miRNA-negative control (miR-NC1) at both 8 and 24 hours (Fig. 6 and data not shown). Cell cycle distribution by FACS analysis confirmed an S-phase accumulation of 76% in miR-222-transfected T98G cells after serum deprivation for 24 h (data not shown). Furthermore, both DAPI-staining and BrdUrd labeling show that nuclei exhibit a lobulated shape suggestive of apoptosis (Fig. 6A) . Therefore, we 
Cancer Res 2008; 68: (8) . April 15, 2008 monitored the levels of activated caspase-3, caspase-8, and caspase-9 by Western blot analysis (Fig. 6C) . We find that the proteolytically cleaved activated forms of all three caspases are modestly elevated by 24 hours when we first observed the presence of dead cells (see Fig. 4C ). We conclude that miR-221 and miR-222 promote entry into S phase under conditions that are not conducive for normal mitotic division and result in apoptotic cell death.
Discussion
In this study, we have systematically characterized miRNAs that are selectively regulated during serum stimulation of growth factor-dependent T98G cells. We detect only four miRNAs that exhibit enhanced expression when cells initiate proliferation from quiescence. Two of these, miR-221 and miR-222, target mRNAs encoding the CDK inhibitory proteins p57 and p27, thus increasing competency for progression beyond the G 1 -S transition. Importantly, our results show that high exogenous levels of miR-221 and miR-222 during serum withdrawal compromise cell survival. Our findings suggest that, whereas miR-221 and miR-222 coordinately suppress the expression of p57 and p27 proteins, this reduction is not sufficient to sustain active cell proliferation in the absence of growth factors. We propose that low physiologic levels of the two miRNAs in quiescent T98G cells may protect against unscheduled proliferation that will trigger apoptosis.
While our investigation was in progress, several studies have explored the relationship between p27 and miR-221/miR-222. For example, Visone and colleagues (38) have shown that miR-221/ miR-222 elevation suppresses p27 expression and promotes cell cycle progression. Other studies showed that miR-221 and miR-222 are up-regulated in aggressive prostate cancer cell lines or miR-221 and miR-222 Bypass Quiescence www.aacrjournals.org glioblastoma cells that contain low levels of p27 (39, 40) . In addition, the Agami laboratory (41) identified miR-221/miR-222 during a screen for miRNAs capable of reducing p27 levels and increasing cell proliferative capacity of several tumor cell lines. Our results extend the findings of these studies by showing that miR-221 and miR-222 are up-regulated upon exit from quiescence and that these miRNAs not only target p27/Kip1 but also the closely related protein p57/Kip2. Thus, these miRNAs are growth regulatory mediators that coordinately modulate the levels of two critical inhibitors of CDK2/cyclin complexes in late G 1 when competency for cell cycle progression is monitored.
miR-221 and miR-222 are both up-regulated in several tumorderived cell lines and in cancer patients (35, (42) (43) (44) . Both miRNAs are clustered within a 1-kb genomic interval and are transcribed from the same strand. Thus, both miRNAs may be generated from the same primary transcript, which could account for simultaneous enhancement of their expression in tumor cells observed in previous studies (35, (42) (43) (44) . Up-regulation of miR-221/miR-222 in tumor cells may be directly related to our findings that show proliferation-specific expression of these miRNAs, reflected by their increased levels when cells enter the cell cycle from quiescence.
It has been proposed that miR-221/miR-222 are oncogenic based on their up-regulation in tumor cells and the suppressive effect on p27 expression, which permits increased cell proliferation (38) (39) (40) (41) . Our data show that up-regulation of these miRNAs promotes S-phase entry but does not suffice for uncontrolled cell proliferation. We find that under conditions of growth factor deprivation, elevation of miR-221 and miR-222 causes unwarranted onset of S phase when cells have apparently not fulfilled the requisite cellular conditions for completion of genomic replication and mitotic division. Instead, forced increase of miR-221/miR-222 levels bypasses the restriction point and induces S-phase entry in the absence of serum. This precocious induction of S phase triggers an intra-S cell cycle checkpoint that activates apoptosis and prevents completion of cell division. Our studies have at least one important ramification for the pathologic roles of miR-221/miR-222 in the molecular etiology of cancer. Whereas increased expression of miR-221 and miR-222 clearly has oncogenic potential, cooperating events must occur to sustain cell proliferation in tumors when growth factor concentrations are limiting.
